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where N° is the total number of absorbing molecules.

1
T hi s relat i onshi p can be use d to elimin a te one of the va r ia b les , say

S (t), from Eq. (1) to yield:

dS 1(t) 
= c ( A ) I  N ° - C( A )I T 1 (t) - (kf + kc + C(A )I) S1 (t )

(3)
dT 1(t ) 

= k~ S1(t) - k~ T 1(t)

A general solution for Eq. (3) can be found by established mathematical

1 techni ques .(2) The result is of the form :

S1 ( t ) = C 1exp(x _t) + C2exp (~~t) ~ m (4a)

T (t) = 
Ci k~ ex p (~~t) +

C2k~ exp (x t) + n (4b)
• 1 A ++ k ~

~1

where ,

- 
(k~+ kf+ kc + C(A )I) + ITk~+ kf+ kc C(A )I)

2 - 4kcC (A )1 4k p (kf+kc+C (A )I)

1 A ÷ - — 

2
(5)

~1
and C1, C2, m and n are cons tants wh i ch are determined by th e boundary

1 conditions of the problem .

-
~~ With continued irrad i at i on , the populat i ons S1(t) and T1(t) approach

s teady state values S1
0 and T 1° , res pec ti vel y, in times comparabl e to the

excited state lifetimes (nanoseconds for states and microseconds for T1

states). Thus , for pulse -widths very long compared to the excited state life-

1 1-6
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times the populations are treated as constants. It was previously shown , for
‘I instance, tha t the number of photoproducts which may be formed directly from

the S 1 state is simp ly

I P
1
(I ,T ,C(A )) = J k~ s1(t) dt k~ S 1

0 $
(6)

0k5 S1
I

where

0 C ( A ) I N °
S m : .  ______ (7 )

1 k
f + k

,

~~~ 

in the limit where negli gib le depletion of the S0 population is assumed .

In the abov e case the func ti onal dependence of P on I, T and C(x) is-, 1
straightforward . However , in considering the case of shorter pulse-widths the

populat i ons do not reach steady sta te dur i ng t he course of the i rradiat ion and

the time-dependent terms of equations (4a) and (4b) must be integrated to find

the populations of the photoproducts. Further , with short-pulse , hi gh-power

lasers , some depletion of the ground state population may occur so that this

assum pti on , employed in the derivation of equations (6) and (7), is no longer

valid. Finally, for short , high intensity pulses , the number of ~hoto products

formed after terminat ion of the pulse canno t be neglected , s i nce the exc i ted

sta tes will maintain a non-neg lig ible populat i on for severa l lifetimes after

the i rradiation. Equations (4a) and (4b) are vali d for the time interval

0 ~ t T
, 

but additional expressions must be derived for the time interval

—
~ ~~~~~~~~~~~~~~~~~
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I
The app l icable differential equations and their solutions are extremely

len gthy , hence we present here the solution for only one of the four possible

pathways pro pose d for the photoch emical react i on , namel y the mechan i sm for

I direct production of photoproducts from the S1 state.

The number of photoproducts formed via this mechanism is given by,

P (I, t , c(x)) = f k5 s1(t) dt + J k5 S1 1 (t) dt (8)

where S1 (t) is the population given in equation (4a ) and S1 ’(t) is of the form

• 
I,

s1
’ (t) = C3e (k f + kc )t (9)

I w h i c h represents the decay of the S1 population after the terminat ion of the

• irradiation. The c o n s t a n t  C 3 is determined by equating S1(t) and S1’(t ) at ~~.

I the instant when the irradiation is terminated . Solving for the constants and

carrying out the integrations indicated in Eq. (8) the resulting expression for

~‘~1 P1 is found to be ,

= k S1
0 [ 

~ ~ ~~~~~~~~~~~~~~~~~~~ 

- b~e 
~~ + b2e 

X~i + b3 ] ( 10)

where A 4 and X are given in Eq. (5) and ,

s1° = — 
C( A ) IN ° (11)

kc~~(~ )I + k f + k + C( x ) I

b = ~~~ 
+ k~ ) 

a. + ±.J (12)
1 k (X ÷ — A _ )  ~~~~‘ k1 + kc ~

11-8
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‘I

N
+ k ) 1

b2 = P + 1 (13)
I k~ (A ~ - A )  A.~. k f -i- kc J

and
1

b = — +  . S 
(14)

— ~ k-‘ p

Similar solutions may be derived for the formation of photo products

di rectly from the T~ state or fol lowin g absor p tion of a second photon by the

S1 or T1 states.

I
(2) Num erical Examples and Discussion

• In order to obtain any meaningful inter preta ti on of the dep endence of

P1 on I, T and C(A ) as expressed in Equations (10—14), a number of numerical
- 

examples are considered . The sing let state l ifet ime , 1/kf , is regar ded as an
U unknown molecular constant as i s k5, the rate constant for photoproduction.

The calculated values of P1 are expressed in units of -s—N? where N° is the
-‘ f

tota l number of absorbin g molecules .

The ra te cons tant kc i s set equal to kf, and k~ is taken to be 10 3kf.

U 
These rel ationshi ps are known to be a pp roximatel y true for eac h of the

aromat i c chromo phores which absor b UV ra di at i on in bi olo gi cal systems .~~~ It

is of interest to consider a range -of pulse—widths beginning with much longer

than the singlet state lifetime anr4 progressin g to much shorter than this

l i fetime . Therefore we consider the cases for I~ with values of 102/ k f, lO/kf ,

l/ k f~ 10
1/ k f and 10 2

/kf. Similarly, it is des i ra b le to cons id er a range of

intensit ies from those wh ich are es timate d to be too low to cause any

11 -9 
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s ig ni fi cant de population of the gro und state rangi ng to i ntensi ti es suff i c i ent-

ly high to cause significant depletion of the ground—state population (5%).

Since the extent of ground state dep letion -is determined by the relat ionship

between C (x ) I  and kf~ the limits of interest can be achieved by assigning to

I C (A) I  values of lO 2kf~ 10 ’kf kf, iOk f and lO 2kf.

The calculated populations of photoproducts for each set of parameters are

shown in Table 11—1 . The results are also plotted as P1 vs. C(x)I in Figure

1 11-2 and P1 ~5 T in Figure II-3. From Figure 11-2 it can be seen that for

TABLE 11-1
- 

RELATIVE POPULATIONS OF PHOTO PP~ODUCT S FORIIED

THROUGH 
~l 

STATE

k
I 

P1 (I , i- , C (x) ) in units of

10 2 k f 10 ~~k f k f l O k f 
l O k f

102/  .34 1.1 1.1 1.1 1.1
/ k f 

_ _ _ _ _ _ _  _ _ _ _ _ _ _  ______  ______  ______U 
_________  ________  ________  ______  _______  ______

10/ 4 . lx lO 2 .38 .99 1.0 1.0
U / kf

4 .2x lO 3 4 .7x 10 2 .35 .76 .81
If

— l O ’
/k 4 .2x1O 4 4. 9x 1O 3 

~.9x lO 2 
.32 .54

-~~ 10 2/ -2
/

k f 4 .2x 10 5 4 .9x l O 5.5 l0 4 . 8x l O .3 2

U

11-10
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short pulse-w id ths P1 is l inearly proportional to C (A )I except at very hi gh

U intensities where the curves begin to level off. For longer pulse -widths , the

curves level off at much l ower intensities as the ground state population is

‘7 dep lete d and the population of T 1 approaches its steady state value. For

7 
sufficiently lon g T and high intensity , most of the mol ecules are “trapped”

in the T 1 state , and photo product forma t ion from the S
1 s tate reaches an

asymptotic value regardless of further increases in intensity . (This assumes ,

of course , that no additional damage mechanisms become important.)

7
From Fi gure 11-3 , it can be seen that at low intensities P1 is l ine—

arly proportional to T for all 1.  At higher intensiti es , however , the curves

level off as the popula ti on of th e T 1 state approaches its steady—state value.

We assume a critical num ber of photoproducts~P1~ , is required i n

I! order for cellular aberration (i.e., a lesi o’i) to he observable at the macro-

scopic leve l following irradiation. Therefore , a thres hol d curve is defined

as any hor i zontal li ne P
1 

in Figures 11— 2 and 11-3. In order to derive

III, a plot of threshold intensity , 1 th’-~-~--~- 
T it is ne~éssary only to choose the

a pp ropria te value of 
~lc and plot the intersections of this line with the

fam i li es of curves shown i n these figures . Typ ical results are shown in

~ Fi gure 11-4 for several values of 
~1c~ 

It i s se en that for low values of

~1~ ’ I th is linearly proportional to T with unit slope indicating that the

product , T ‘th’ is a constant. This is merely a statement of the usual

assum pt ion that the amount of photochem ical damage is proportional to the

I total energy dose. Note, however , that this assumption breaks down for

lar ger values of p lc ’ i.e., i n cases where many photo produc ts must be formed

‘ before a macrosco p ic lesion is observabl e . Note also , tha t in any case , the

11 — 12
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N
number of photoproducts formed would not be proportional to the tota l energy

dose for any photochem i cal mechanis m wh i ch i nv ol ved absorpti on of more than

one photon.

1 
-:

W ith  a pulse -width of approximatel y 5 nanoseconds, -t is approximatel y

equa l  to 1/kf. lnspection :of the curve for -r = l/k f on Figure 11-2 shows

that the dev i ation from linear ity becomes sig n ifi can t onl y for i ntensit ies

such tha t C(x)I > kf , i.e., when depletion of the grou nd state populat ion i s

significant. If the conditions necessary to cause macroscopically visible

damage i n  vi vo were such that dev iati ons from l i near ity were si gnificant ,

this fact woul d be read ily apparent in the experiments proposed to test the

photochemical model . Thus , if a threshold intensity , 1th’ were determi ned

U for a sing le pulse then the threshold for ”n”consecut ive id enti cal pulses

uI would be I th/n
x where x ~ 1. Any value of x greater than one represents a

deviation from linearity and indicates that ground state depletion in the

absorbing medium is significant. It is fortuitous that a value of x > 1

woul d also serve to dif feren ti a te more clearly the photoche mical mechan i sm

1 from any non-cumulative mechanism which would be represented by x = 0.

I The analys i s presented above assumes certai n relat i onsh ip s among the

- - i 
rate constan ts for transitions between the electronic energy level s. However ,

the analysis may be repeated for any other ratios of rate constants which

1 may be appropria te for the molecules i nvolved i n the photochemical reactions .

The ana lysis is readily extended to cover photochemistry involvin g the T1

1 ra ther than the S1 state and to cover bip hotonic mechan i sms i nvolv i ng eit her

state. There are no explicit restrictions on the laser beam parameters and

S the anal ysi s shoul d be app licable to a wi de var i ety of lase r systems when-

1
11-15
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reported above are plotted as threshold vs. the log of the pulse-width (Figure

I 11—18) it is clear that the lifetim e of the postulated transient species lies

between 1 rusec and 20 msec . Additiona l experiments are in progress to obtain

more data points in this interval so that the shape of the experimental

curve can be compared with the results predicted ‘by the analog computations .

The lifetime of the transient species will be determined from the shape of the

ex perimental curve and th i s number i n turn w i ll be fed back i nto the theore-

tical model . The transient spec i es lifetime could prove to be important for the

identifica tion of the primary mol ecular species involved the photochemistry.

H 

___________(2) Stromal and Lenticular Lesions

Several subjects have been ex pose d to doses of 350 nm CW laser ra di-

at i on far in excess of the threshol ds for corneal ep ithel ial les i ons. An
U ex posure of 625 Jou les /cm2 (approximate l y 10 times the epithelial threshold)

resulted in a lenticular cloudin g and a reflective spot either deep in the

stroma or on the corneal endothe lium. The lenticular lesion was readily

apparent at 18 hours post-exposure but the deep cornea’) lesion was largely

masked by an epithelial lesion until the latter had cleared (48 hours).

At 66 hours post-exposure the lenticular clouding had become better

defined and was readil y observable with an ind i rect ophtha lmosco pe as well

as with the sli t l amp . Al so at 66 hours, no s tromal lesion could be identi-

fied but there was still a refl ective spot on the cornea l endothe lium. By

one week post-exposure both the endothe hium and the lens had cleared and

there was no observa ble disruption remaining in this eye (the retina was not

U exami ned).

11-4 1
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U
An ex posure of 950 Joules/cm 2 (approximately 15 times the ep i the h ia l

U threshold) yielded both stroma l and lenticu lar lesion s which were readily

apparent a fter the ep ithel ium had cleared . The stroma l les i on was in the fo rm

1 of a cloudy circular spot. On close examination with the slit l amp it was

noted tha t there were a lar ge number of randoml y or iented f i brous par ti cles

with in the cloudy area . Alt hough these par t icles were di st i nc t , they were of

su fficient density to give the im pression of a hazy spot when viewing the cor-

nea directly. The appearance of the stroma l lesion was unchanged for more

than a month but then began to clear and could no longer be oberved at two

months post-exposure.

The lent icular lesion appeared to grow in size during the first week ,

stabilized in appearance during the next week or so and had cleared complete-

U ly by one month post-exposure. The production of a reversible lenticular

cloudin g following exposure to high doses of non-coherent UV radiation has

U been previousl y observed an d noted to be a precursor of eventual catarac t

formation .(6) According ly the subject of this experiment has been mon itored at

- monthl y intervals but no cataract has been found to date (5 months post-

• exposure).

Al though the thresholds for stromal and l enticular lesions appear
U

- to be far greater than those for cornea l ep ithel i al les i ons , exposure of

— these deeper layers to UV radiation may ultimate l y prove to be of more con-

— cern because of long term , cumula ti ve ef fects leadin g to i rreversibl e dama ge.

I (3) Retinal Lesions

Little , if any , a ttent i on has been paid i n the litera ture to the

p-s
11 - 43
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I possibilities of retinal hazards from ultraviole t laser radiation. Generally,

the taci t assumption has been made that the cornea and lens are sufficiently

strong absorbers of ultravto.l.et radiati on to protect the retina from damaging

a UV rays . Wh i le this i s undoubtedly tr ~CIe- ~o.r wavelen g ths shorter than 300 nm,

the assumption is questionable for the near tJV waveTèr~y~th ran ge (300-400 nm).

For wavelen gths greater than 320 nm, the corneal transmission is greater than

50% and the aqueous and v it reous medi a a re even more transparent to near
1 UV rad iat ion . Only the lens i s stron g ly absor bi ng at these wavelen gths but ,

I 
even so , lenticul ar transm i ss ion i s on the order of 1% over much of the near

IJV . This is illustrated in Figure 11-19 which is taken from data reported in

Reference 5.

As evi dence that the small amount of near UV radiation transmitte d

through the ocular media may present retinal hazard s to personnel working

w i th lasers in this wavelen gth range, we pres ent here the fi rs t report of

retinal les ions i nduced in primates by a UV laser . The laser is the same

kry pton- ion laser use d for the corne al stu di es descr ib ed earl i er . The tech-

niq ue for aim i ng the laser beam onto a gi ven spot on the fundus has been de-

scribed in detail in an earlier report (1) and is illustrated in Figure 11-20.

- Figure 11-21 shows a retinal lesion resulting from a 45-sec exposure

to the 350 nm output from the krypton laser. The power incident at the cornea

was 70.6 mWatt on a corneah spot size of 2.22 mm (l/e2 diameter) result ing

, 
in an energy dose delivere d to the cornea of 82 Joules/cni . The les i on was

observed immediately after the exposure as a dark spot of 200-250 L i f l~ diameter .

I By 18 hours post-exposure the lesion had grown to -
~250 um thameter surrounded

U

11-44
U 



- -  - - - -5 -  5-- - --- -- - - - - 5 -_ _--5- - - - - -  -- --- 5--- - -

I

U

Fi gure 11-19. Transmission Spectra of Rhesus Ocular Media.
Ord inate is fract i on ( °/- ) of corneal incident radiation trans-
mitted to the re~ina ; —direc t radiation , --- total radi ation .
(After Boettner~~)).
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I Figure 11—21. Fundus Photograph of UV-induced

retinal lesion; one hour post—exposur e . The

• 
lar ge circular area is the macula (- 1500 pm
diameter ); the lesion (arrow ) is a darker spot ,

- -250 pm diameter in the center of the macula. 
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P
by a dark annulus .

I
Figure 11-22 shows a fundus with a total of seven lesions , five in

the macular area and two paramacular (at 10 o ’clo ck), c au sed by near UV laser

radiation. For this series of shots the laser power was held constant at 105

• mW and the pulse-widths were varied .from 5 to 90 seconds. The seven exposures

of 20 second s and longer duration all resulte d i n les i ons . However , some of

these were not visible immediately or even one hour after exposure but were

observe d onl y at 18 hours post-exposure. The calcula ted energy dose for a

20-second exposure is 54 Joules/cm2 i ncident on the cornea , which is below

U the cornea ’) lesion threshold for these beam parameters.

At th is time, little evidence has been accumulated as to the nature

of the mechan ism involved in the UV-induced retinal lesions or the variation

in threshold as a function of beam parameters . Nevertheless, it is enlight-

a ening to compare the cru de threshold est imate of 54 Jou les /cm2 w i th ex i stin g

permissible exposure levels as se~t forth in the standard of the American

Nationa l Standards nstitute ’s Z-136 Committee On The Safe Use Of Lasers.

The reti na-i ~1~érmissib le exposure level which is quoted for the wavelength

U 
- - ran ge 0.4-1.4prn is 500 uWatt for a 20-sec exposure. Over most of the

visibl e region , a large fraction (
~ 50%) of the i nc id ent rad ia ti on wi l l  be trans-

mi tted to the retina. At 350 nm , ~0.25% of the incident radiation is trans-

mitted directl y to the retina~~’~. There fore , of the 105 m Watt incident upon

the cornea in the above experiments , approximately 250 u Watt is transmitted

to the retina. ANS I permissible exposure levels are generall y about 10

times l ower than thresholds for retina l lesion formation ; thus , it appears

that the 350 nm lase r rad ia tion i s  at least as hazar dous in terms of i nduc i ng

11-48
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Figure 11—22. Fundus photograph of UV-induced

a retinal lesions ; 18 hours post-exposure . The
macula is the poorly-defined , large circular
area in the center of the photograph. Lesions
appea r as light—colored 3pots (arrows).

U

U
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U
retinal lesions as is visible laser radiation (for equal intensities inciden t

U on the retina).

9 
Perhaps even more pertinent at this stage is an examination of the

ANSI corneal permissible exposure level for 315-400 nm radiation . The value

cited for a 20-sec ex posure is 50 mW/cm2. In contrast , the 20-sec exposure of

p 
350 nm laser radiation which caused a retinal lesion was equal to 2.7 Watt/cm2,

for a 2.2 mm corneal spot size. For a larger spot size the energy density at

• the cornea would be lower , but essentially all of the non-divergent laser light

wh ich passes through the pupil will be focused onto the same retinal spot.

Thus , if we consider a 7 mm corneal spot size (which is equivalent to the dimen-

s ion of the dilated pupi l of the rhesus monkey and is als o a reasona b~e fi gure

b r - the human pupil size in a dimly lit environment) a corneal exposure of 270

mW / cm 2 could very well result in a retinal lesion , other factors (such as len-

ticular absorption) remaining constant.

•
Ins pection of the lenticular absorption spectrum (Figure 11-19) shows

that in the region near 320 nm or near the UV-vis ible border (-400nm), the

transmittance of the ocular media to these wavelengths is at least three times
U

greater than at 350 nm. Thus , even wi thout further investigation , it is ap-

parent that althoug h the ANSI perm issib ’e exposure level for 315-400 nm radia-

t i on has an ade quate margin of safety for corneal les i on format ion , under cer-

U ta m conditions there is little safety margin for retinal lesion formation which

may result from the same exposures . Whether there is any safety marg in at all

becomes rather doubtful when severa l other factors are considered .

(1) The Wi-induced retinal les ions produced in the prelimi nary ex-

periments to date have been 150-200 pm or larger. We have not yet had an
U
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a
opportunity to vary the beam parameters and investigate a threshold for a

“minimal v i sibl e le s ion ”. Obviously such a threshold will be lower than t~~

est ima ted threshol d quoted in this report .

(2) The dependence of retinal lesion formation upon the laser beam

parameters is unknown at this time . If the mechanism for damage is photo-

chemical i n nature ,the efficiency of the mech ani sm may va ry si gnifi cantl y

with wavel ength; thus, there is no reason to assume that 350 nm is the wave-

length of max imum eff i ciency .

(3) Small variat ions in the lenticular absorhance from one subj ect

to another wil l cause maj or fluctuations in the relat ive amount of radiation

reachin g the retina i n each case . Again , there is no reason to assume that

the su bjec t used i n these prel imi nary studi es had lent icular absor pt ions

lower than the norm .

In conclusion , there appears to be some question regarding 1973 A1-~SI

U corneal permissibl e exposure level for near UV laser radiation . On the bas i s

of the results to date it is reasonable to speculate that with certain beam

parameters, retinal lesions mi ght be i n d u c e d  at exposure  l e v e l s  w h i c h  are

U comparable to or below the ANSI permissible exposure level s for the cornea .

U

U

U

4 
—
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U PART III

R E T I N A L _ T E M P E R A T U R E  MEAS URE MEN TS
U A .D . Nawrocki , W .F-i. Bowie and R.F. Lemberger

~1
A . INTRODUCTION

U The chief obj ective of this project is to measure spatial distributions

and temporal histories of temperature c hanges induced by laser radiation in

the posterior portions of the vertebrate eye. The approach involves visually

guided , sur gi cal i nsert ion of micro thermocou p le probes throu gh the sclera in

the region of the posterior pole. Experiments will be conducted at subthres-

hol d , threshol d , and suprathreshold exposures , using the presence of ophthal-

moscopical ly visible and/or histopatho logically correlated lesions as criteria

for injury . The experimental variables will include wavelength (visible through

near IR), radiant intensity , pulsewidth and repetition rate. Results of

reti,-~al temperature measurements will be provided to USAF SAM/RAL for valida—

U tion of a semi-emp irical model for predicting temperature increases based upon

heat dif fusion equations.

B. BACKGROUND

Of the various sensory or gans in man , the mos t susce ptible to injury by
(1’laser irradiation i s  the eye. As Cain and Welch / have noted , the increasing

use of lase rs has necessitated the implementation of safety standards based

u pon experimental measurements and , where poss ib le , cl inical data . As our

un derstanding of laser-induced injury and dysfunction has increased , these

standards have been revised periodically.

At the present time , it appears that the complex chemistry which under lies

1 1 1- 1
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I
l aser induced injury can be predicted reasonably wel l as classic al (macro-

U scopic) heat diffusion and first-order kinetics. However , recent results

of Hemstreet , et ai., (2 ) i ndica te tha t the ocular ef fects of repetit i ve

pulses at certain fast rates typ ical of fiel d a pp l ications do not necessar i ly

add linearly to produce equivalent injury as predicted by strictly therma l

processes . In add ition , all presen t thermal models i gnore possibl e chan ges

of state such as vaporization in which heat is absorbed incrementally without

contributing to rising temperatu re . Thus , both from f i rst princi p les and
U,

- direct ex periment , thermal model i ng cannot be ex pec ted to predi ct effects of

all possible laser parameters, in particular of certain fast, intense or re pe-

titive pulses .

I 
Clearly, experimental vali dation of therma l modeling in such applications

is necessary to establish l imits of its overall utility as wel l as to provide
U,

possible corroborating evidence as to the significance or predominance of

U other mechanisms . The advan tage of such a model , once val id ated , is its

ability to pred ict ophtha l mosco pi c dama ge -- and by ex ten si on w it h other phy-

siological and psychophysica l correlates , visual dysfunction -- without the

expense and time of generating large masses of experimental data for each new

set of exposure parameters.

• Briefl y, therma l effects of laser irradiation in the retina may be under-

stood as follows : with the exception of the pigment epithelium (PE) and choroid ,

the ret i na and underlyin g tissue are essentially transparent , and the PE and

choroi d may be considered as a double-layered , spectrally dependent heat sink.
U

When a highl y collimated source or sufficiently brig ht , diffuse source impinges

on the eye, the PE and choroid can rapidly absorb and conduct heat. For laser

111-2 
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U

pulse durations less than abou t 10 sec and greater than 1 00 rse c , the assoc-
U iated temperature increases apparently cause rate-dependent injury mechanisms

suc h as deactivation of enzymes and protein denaturatio n~~ as well  as patho-
U,

logical signs such as edema , ly s i s , and at suprathreshold ex posures , massive

• disrupt ion of cellular layers.

Ex per imental tempera ture rneas ure~entc wi th probes whose tip diameters

exceed S0~m have been suspected of r-~cordi ng artifacts~~~. Metal-vapor coated ,

quartz microthermocouples developed Ly Reed~
5
~ and modifi ed by ~ain (6) are

U
possibly more suita b le; ti p dia meters o~ 10-30 ~im and time constants of about

1

200 psec have  been ~~~~~~~~~~ Ex per im enta l measuremen ts w i th thi s probe have
(4 7)been conducted by Welch , et al . ‘ and ha ve been compared w ith therma l models

or ig inally devise d by White , et al . (8) and Henriques~~~.

C . EXPERIMENTAL

U Resea rch ef forts under th i s con tract w i ll ut i li ze thermocou p le probes

developed by Reed and Cain (cited above) in conjunction with an advanced corn-

putational scheme for predicting chorioretinal spatio-tempora l temperature

U 
profiles develo ped for USAF SAM/RAL~

10
~. The record ing/con trol systems for

perform i ng these measurements w i ll be based at least in part on equipment

— assembled by Crum~
1
~~ .

A block diagram of this experimental system is shown in Figure Ill-i.
U The laser beam passes through converging optics to a pellicle driven by an

i nc remen ta l , hydraulically- driven beam deflector which deflects the beam

through an arc whose center is near the pupil of the eye. The beam is gated

and scanned across t he retina by control logic and cloc k circuitry. An incan-
I descent source i l luminates the fundus of the eye wi th a Maxwel l ian view so

U

111-3
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V

tha t positioning of the probe can be observed with the binocular ophthalmo-
S

scope. Analog si gnals represent ing the temperature changes mon i tored by the

U, 
microthermocouple probe are amplified and stored on magnetic tape for off-line

computer processing .

U 
Surgica l procedures for imp lant ing the microthermocou p les i nto the eyes

of rhesus mon keys have been developed in collaboration with USAF/SAM personnel

based on a modification of the techniques employed by Dr. A. J. Welch’ s research

group~~’~~, Un iversity of Texas at Austin. With sufficient experience and ad-

d-itiona ) tools and equipment , we plan tn perform such surgery within the USAF

SAM Laser Laboratory (RAL). Similarly, cal ibration and measurement of dynamic

responses of microthermocouples will he nerformed on these premises .

U D. RESULTS TO DATE

(1) Therma l. Previous testing of probe step and pseudo-impulse responses

conducted with pulsed and shuttered lasers in  the USAF/SAM Laser Laboratory ,

suggests that the probe behavio r approximates that of an RC filter wi th a time con-

- stant of about 5O msec ,which is much slower than the time constant reported for

U these probes by Welch, et

This discre pancy has been resolved as fol lows : The SAM/RAL preamp lifier was

taken to Dr. Welch ’s la boratory and tes ted with a sing le , new micro thermocou ple.

U With the probe aligned in air with respect to the center of a shuttered CW la-

ser beam , results were very simi lar to the step responses measured in air at SAM/
U RAL . With ex perimental condit ions the same, exce pt with the probe surrounde d

by a sta ti c head of water conta i ned i n a g lass beaker , the probe step response

was roughly 100 times faster than that observed in air as above.

U
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U

This finding is consistent with the si gni f ican tly different set of
S

boundary condit ions for heat transfer which are generated in these two

cases. For examp le, a term K~ T (where K = therma l conductivity , ~ =

gradient , T = temperature) enters into the equatiqn s for the boundary be—

tween the probe and its surround (12). Other differences in  heat transfnr

are caused by relative differences in convection and radiative absorption

by the probe and its surround . It is interestin g to note that the step

res ponse i n b iolo g ical tissue is rou ghly 150 t imes slower than tha t of

pure water (13).

Thus , in general , one must be cau tious of cha racterizing these micro-

thermocouple probes as a simple RC filter whose response is independent of its

surround . As seen in Figure 111-2 , a typ ical retinal temperature measure-

U ment , usin g a shuttered CW laser to irradiate the eye; is characterized by a

rap id rise followed by a slow ascent; then a fast decay when the beam is in-

terrupted , followed by a slow descent . Presumably the fast rise and decay seg-

ments of this curve are a consequence of radiative absorption and heat transfer

within the probe itsel f 03
~ , surroun ded distally as it were by optically trans—

U parent tissue. Clearly the waveform in Figure 111-2 cannot be modeled mathe-

m a t i c a lly  w i t h a system contain i ng a s i ngle ti me cons tant .

On the other hand the low pass behavior of such a system can be approx i-

mated reasonably wel l by conside ring that the therma l resistance and heat

capacity of tissue and microt hermocoup le  correspond , respectively, to e lectr ical

r e s i s t a n c e  per unit length R and capacitance per unit length C in a three-di-

mensionally d istributed RC matri x. For conven i ence , Welch , et al . (4) assume

that a single RC configuration wi th a time constant t of 0.2 msec can be used

U

111-6
U



I
* I —4 I I

‘U

I

• ‘ _ _ _ _ _ _ _ _

I I I I 1 I I 4

1 rnsec/division
U

U

I I I ~ • S I

: 

~I_ 
~~~~~~~~~~~~~~~~~ 

I

$ C’ 
~~~~~~~~

U

~ ~ ~ 
, I I I

- 
10 msec/division

Figure 111-2. Therma l res ponses of mic rothermocou p le near pigment
epithe lium of rhesus monkey eye irradiated with argon
lase r. Upper and l ower traces obtained at same location
within eye, with differing time bases as shown , probe
being sli ghtly off center with respect to laser beam
center. (Tracings from oscilloscope photographs .(13))

U
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to characterize the sensor perturbation of tissue temperature measurements.
U

To allow for heat transfer across additio nal boundaries of finite thick-

, 
ness between heat source and sensor , add itional RC unit s must be added . In

general the values of RC must be matched to each distinc t l ayer in the hea t

conduct ing pathway . The addit ion of such RC units , however , causes add it ion-

al attenuation and smoothing of recordings of temperature profiles outside

the sensor .

UT For exam p le , consi der the attenuation of a signal (strictly speaking ,

the un it-normalized modulus of frequency response) passed by such simp lified

‘1 RC systems , as shown in Figure 111— 3. The case n = 1 corresponds to signal

attenuation due to a sin gle RC unit. Note that although for practical pur—

I poses , such a system equilibrates to a step temperature inpu t in about 5

‘1 time constants (-I msec), the signal components whose frequencies exceed 1.3

KHz are attenuated by over 50% . With n 2,3,4, corres ponding numbers of
— (14 )identical RC units are cascaded serial ly, loading being ignored , to s imu -

late cond itions in which additiona l layers or boundaries must be passed be-

tween temperature sensor and sensed environments.

I 
It should be emphasized for the purpose of this report tha t the above

mode ls are not intended to provide precise quantitative predictions as to

temperature waveform distort ions in actual biological experiments; rather they

purport to delineate in a broad sense the ba nd pass limitations which are im-

posed upon experimental design and interpretation. Clearl y additional experi-

mental and theoretical work is needed on this very important point. However

i t is apparent that when laser repetition rates of more than 1-10 KHz and duty

cycles of - 50% are used in bio log ical experiments , special data proce ss ing

11 1-8 -
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U

techni ques to correct for sensor perturbation of temperature measurement
U

are essential . Efforts are underway to provide these corrections and to under-

stand more precisely the probe characteristics and limita tions.

(2) Electrical. The SAM/RAL thermocouple ’preamp lifier and amplifier

system appears to have adequate stability , frequency res ponse , and gain to

make it a useful ex perimen tal tool , although ce rtain design chan ges may be

necessary . In particular , 60 Hz l ine noise was significant in one experi-

ment when a func tional microthermocouple probe , whose electr ical res i stance

measured an atypically high value of — 1 K c~, was tested for its dynamic re-

I sponse by exposing the probe in air to a shuttered He-Ne laser. Although the

- 
temperature stabil ity of the pream pli fier appears quite acce pta b le from an

• electronics stan dpoint , i t would be conven i ent , althou gh not essen tial , to

have a separately controlled reference temperature junction to assist in in-

terpretation of data when displayed on-line with a storage oscilloscope. In

any case, the reference junction temperature must be measured as part of rou-

tine data collection. In addition, it is necessary to determine whether the
- noisy subs trate of wet , exposed biological tissue will necessitate floating

dif ferential inputs across the microthe rmocouple leads.

• The control logic to drive the shutter , probe , and beam deflector appears

I to have suff i cien t lat i tude for ex p loratory purposes . Howeve r , the li near i ty

and reproducibility of the beam deflector and probe driver have not yet been

tested . As discussed in Section 3, an improved beam deflector system must be
U

designed and built before mean ingfu l measurements can be obtained . Depending

upon the criter i on for s pa t ial da ta resolu tion , use of a s i ngle photodiode

scanner to calibrate deflector positions of an unmodulated laser beam may be

U

111 - 10
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inappropriate for this particular task; a sufficiently accurate calibration is

U l ikely to require a quadrant -differential detector array . One such system ,

whic h should be capable of measuri ng beam positions well within ±5 pm and pos-

sibly ±0.5 pm has been desi gned (see Appendix Ill-A for details).

Twelve micro thermocouples , which had been provi ded by the Un i versity of

Texas some twelve months previous , were tested with a newly designed (15) ele c-

trical resistance measuring circuit (see Appendix Ill-B for circuit details

and d iagram). Probes which had resistance values between 2O0c~ and 1 .1Ks~ were

found to generate linear EMF ’ s when equilibrated to temperature steps in a

water ba th. A dissecting microscope was used to visualize the probe tip;- wi th

appropriate alignment of a camera above the microscope tube with one ocular

- removed , i t  was found that acceptable photomicro graphs can be readily obtained

for documen tation of probe size and shape .

In the future , the abcive resistance measuring device and auxilia ry micro-

U scope system- will be used as a quick , presumably non-destructive check on all

new batches of micro thermocouples obtained from the Univers i ty of Texas. In

add i t ion , acce ptable probes subse quently damaged , eit her in use or as a con-

sequence of a possible lim i ted shelf life , can be checked out against these

initial values before and after an experiment.

(3) Optical- . In the beam deflector designed by ~rum (h 1 )
, a ca m was

machined to ride aga inst a roller and mount which carries a beam-deflec ting

pellicle . The geome try of thi s cam i s bas ed upon an assume d parax i ally-

• inc ident laser beam , which is subsequently deflected by the pe llicle through

a fixed point in or at a dilate d , relaxed eye of an an imal. Thus , the eye ,

accomodated to focus at infinit y , images the incoming beam at the retina ,

•

i l l— i l
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U
form ing a small d i f fract i on pa tch whose centra l di sc diame ter i s typic all y

5 on the order of the probe tip diameter.

Cle arly the s i ze of the tem perature sensor , located at the probe tip, is
- 

a limi t i ng factor as to how small the laser beam can be w i thout produc ing s ig-

I nifican t attenuation and smoothing of spatial temperature profiles , as wel l  as

probe radiometric scans of the image intensity of the beam. One expects from

Four ier analysis (see Appendix Ill-C) that the diameter of the diffraction disc

U shoul d be lar ger than the diameter of the sensor by a factor of at least 10 ,

wh ich necessitates that the laser beam be incident on the eye either in a con—

verging or diverging fashion.

For. exam ple , i f the laser beam is focuse d at cer ta i n di s tances in fron t

I of the eye , it wil l  have an enlar ged d iameter at the re ti na whe never the geo-

metr i c focus of the beam insi de the eye is p rox i mal to the reti na . Al terna-

tively one may focus the laser beam near the pupil of the eye (Maxwellian

view), w i th the cone an g le for the conver gi ng beam so chosen that an a pp ro-

priate beam diameter intersects the retina . The size of this beam intersec-

tion is readily calculate d to a first approximation from standard lens formu-

I lae. Thus additional laser optics could be added conven i ently to the present

system to expand the retinal image of the incident beam. However , unless th i s

optical system either is interposed between the eye and pellicle or is trans-

lated axially to about the same extent as the pellicle , the re ti nal beam s i ze

w i ll be dependent upon deflector pos iti on .

U Moreover , due to op tical aberrat i ons w i th i n the eye , the beam intensity

distribution is not translationally inva riant with respect to arbitrary di s—

placements of the beam on the retina . Hence one should not assume a priori (a)

I

111-12
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U
that the initial radial syri~uetry of the beam intensity distr ibut ion in air

U i s not d i sto rted a t the retinal level , or (b) that equal angular disp lace-

men ts of the beam i n a i r rema i n equal l y spaced at the retina . Fortunately

these effects are measured readily with the newly designed optical system ,

U as discusse d briefly below. 
-

In add i tion , we may use a general three—dimensional ray tracing

pro gram cu rrently bein g deve lo ped t16) , to provi de both an i ndepend ent check

on the above translat ional invariance for pa rti cular cho i ces of beam w id th ,

inclination and divergence, and by ex tens i on , a use ful tool for correc ti ng

and optimizing the present beam deflector design. Briefly, each ray i s as-

signed an initial set of space coordinates and direction cosines; then it

is traced through each (spherical) surface in the optical system , and specified

at a given observation plane or at a concave surface which represents the

retina . The principal advantage of this method , based upon simplification of
U (17’a techn iq ue devise d by Spencer , / is the ease with which both meridional

and skew rays can be trac ed; ef fects of lens aberrat ions are calculated pre-

c i sely . Th i s method can be exten d ed rea di ly to include as pherical sur faces ,

• Fresnel coeffic ients , light polariza ti on , and intensity . At present , mini-

computer so ftware is bein g writ ten for sim ple two-dimensional test cases to

insure that the method is working properly.

• The con dens er op t ics to illumi na te the fundus have a l so under gone

some modif ica t ion , ini t ial ly to decou p le the laser opt ics from the condenser
U

- op ti c s , as well as to increase the distance between the beam deflector pel-

l icle and the ophthalmoscope lens assembly used by Crum .(h1) This was ac-

comp li-shed in prototype form (a) by replacing the ophthalmoscope prism with a

U
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